Introduction
Atlantoaxial rotatory subluxation (AARS) in children was first described in 1830. Subsequent developments in clinical medicine and imaging techniques have increased the frequency of the diagnosis of this condition. AARS is not a rare condition. However, its etiology, pathogenesis, diagnosis, and optimal treatment remain unclear (1) (2) (3) (4) (5) . Most AARS studies have only included adult patients. This condition is relatively common in children due to their anatomical characteristics. However, they may experience relatively mild symptoms and may not present typical imaging findings (6) . Hence, missed diagnosis is relatively common (7) . Due to the lack of consensus regarding its treatment (8) , subluxation may become chronic, resulting in difficulties with atlantoaxial reduction. Surgery can ensure stability but may decrease the range of motion (9, 10) .
This study retrospectively analyzed the imaging and clinical data of children with and without AARS in various age groups to determine the clinical significance in the early diagnosis of this condition.
Materials and methods

Subjects
Inclusion criteria were as follows: a) children who underwent computed tomography (CT) imaging examinations in the Children's Hospital of Chongqing Medical University, China, from 1 August 2010 to 31 December 2015; b) children with complete CT data of the odontoid process, atlas, and axis; c) children aged <14 years old. Exclusion criteria were as follows: a) children with myogenic torticollis, strabismus, or severe atlantoaxial congenital malformation; b) children with severe traumainduced fracture of the odontoid process, atlas, or axis; c) children with tumor-induced destruction of the atlas or axis; d) children with a history of cervical pharyngeal surgery; e) children with a history of related systemic diseases such as myasthenia gravis, rheumatic arthritis, or rheumatoid arthritis.
The clinical criteria for diagnosis were as follows: a) recent history of upper respiratory tract infection, inflammation, or neck trauma; b) neck pain and limited range of motion or acquired torticollis performance (head deflection towards the side and mandible turns to the contralateral, resulting in limitation of movement of the neck; Cock-Robin syndrome); c) hospitalization due to torticollis and the resolution of cervical signs after Glisson's traction (9) .
The data of 495 children who underwent cranial CT were collected. Among these children, 255 children were clinically diagnosed with AARS (11 males and 13 females, <3 years old; 42 males and 40 females, 3-6 years old; 57 males and 54 females, 6-10 years old; 20 males and 18 females, >10 years old) and 240 children were not clinically diagnosed with AARS. The atlantodental interval (ADI) and lateral atlantodental spaces (LADSs) were measured.
According to the developmental stages of the odontoid process, atlas, and axis (9), these children were divided into four age groups: <3 years old, 3 to 6 years old, 6 to 10 years old, and 10 to 14 years old.
Methods
CT was performed using a GE LightSpeed 64-slice spiral CT scanner. Images were processed using a Centricity RIS CE workstation system and software (GE Healthcare, USA).
Measurement of the atlantodental interval
Measurements were carried out by the same person using the same machine and software to ensure the accuracy of the measurement. The ADI is the distance between the anterior arch of the atlas and the odontoid process. A line was drawn from the midpoint of the posterior border of the anterior arch of the atlas, perpendicular to the line tangential to the anterior border of the odontoid process. The length of this perpendicular line was defined as the ADI.
On multiplanar reconstruction CT images, ADI was measured in the anteroposterior axis at the center of the odontoid process using the distance tool ( Figure 1 ).
Measurement of the lateral atlantodental spaces
LADSs are the distances from the lateral margin of the odontoid process of the axis to the medial margin of the lateral mass of the atlas. The shortest distance from the midpoint of the lateral margin of the odontoid process of the axis to the medial margin of the lateral mass of the atlas was measured. The variance between the left LADS (LLADS) and right LADS (RLADS) was defined as VBLADS.
On multiplanar reconstruction CT images, LADSs were measured in the coronal axis in order to minimize the effects of variations in lateral atlantodental shape. The shortest distance between the lateral margin of the odontoid process and medial margin of the lateral mass of the atlas was measured using the distance tool ( Figure  2 ).
Statistical analysis
All data were analyzed using SPSS 19.0. Normally distributed data were compared using the t-test. Data that were not normally distributed were compared using ranksum tests. P < 0.05 was considered statistically significant. 
Results
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The 255 children with AARS were divided into four age groups according to the developmental stages of the atlas, axis, and odontoid process: <3 years old, 3 to 6 years old, 6 to 10 years old, and 10 to 14 years old. The mean ADI values were normally distributed among all groups (Kolmogorov-Smirnov test [D-test], all P > 0.05). The difference in mean ADI between males and females in any of the age groups was not statistically significant (t-test, all P > 0.05). The comparison of mean ADI values between children with and without AARS in each age group are presented Table 1 .
The difference in mean ADI between children with and without AARS in all age groups was statistically significant (t-test, all P < 0.05), indicating that an abnormally large ADI is useful for the diagnosis of AARS in children ≤14 years old.
Children without AARS were divided into the same four age groups. The mean ADI values were normally distributed in males and females in all age groups (Kolmogorov-Smirnov test [D test], all P > 0.05). The difference in mean ADI between males and females in any of the age groups was not statistically significant (t-test, all P > 0.05; Table 2 ).
The difference in mean ADI between children <3 years old and 3-6 years old or between children 6-10 years old and 10-14 years old was not statistically significant (t-test, both P > 0.05). There was homogeneity in variance between children <3 years old and 3-6 years old, and between children 6-10 years old and 10-14 years old (homogeneity test, both P > 0.05). Therefore, these children were divided into two age groups: <6 years old and ≥6 years old. ADI values were normally distributed in both groups (Kolmogorov-Smirnov test [D-test], both P > 0.05). The difference in mean ADI between these two groups was statistically significant (t-test, P < 0.05). Since it did not make sense to have a lower limit for ADI, the 95% reference range was calculated at one end only. The reference range was similar between children <6 years old (<3.15 mm) and children ≥6 years old (<3.13 mm) ( Table  3 ). The normal reference range was considered to be <3.2 mm.
Variance between the left and right lateral atlantodental spaces
VBLADS was calculated as |LLADS -LLADS|. VBLADS was not normally distributed in males or females in any of the age groups (D-test, all P < 0.05). Furthermore, VBLADS was not significantly different between males and females (rank-sum test, P > 0.05). Moreover, the difference in VBLADSs between children with and without AARS in all the age groups was statistically significant (rank-sum test, all P < 0.05; Table 4 ). An abnormally large VBLADS is useful for the diagnosis of AARS in children ≤14 years old. In children without AARS, VBLADS was not normally distributed in males or females in any of the age groups (<3 years old, 3-6 years old, 6-10 years old, and 10-14 years old; Kolmogorov-Smirnov test, all P< 0.05). The groups were therefore compared by percentiles. Furthermore, the differences in VBLADS between males and females in any of the age groups were not statistically significant (ranksum test, all P > 0.05; Table 5 ).
VBLADS was not normally distributed in children without AARS in any of the age groups (KolmogorovSmirnov test [D-test], all P < 0.05). Furthermore, there was no significant difference in VBLADS among the groups (rank-sum test for multiple groups, P > 0.05; Figure 3 ).
Considering these results, all children were combined into one group and the reference range was calculated for each percentile. Since it did not make sense to have a lower limit for VBLADS, the 95% reference range was calculated on one side only (Figure 4) . The 95% reference range for VBLADS in children without AARS was 0-2.20 mm, and a VBLADS of >2.2 mm was considered abnormal.
Discussion
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The stability of the atlantoaxial joint is maintained by the atlas, axis, surrounding muscles, ligaments, and articular capsule. Ligaments play the most important role, especially the transverse ligament and alar-odontoid ligament. Injury to these ligaments results in AARS (9) . It has been considered that ADI could objectively reflect injury to the transverse ligament. In 1934, Coutts considered that an ADI of >2 mm indicated AARS. In 1974, Fielding and Hawkins (11) performed the mechanical testing of ligaments surrounding the atlantoaxial joint in the Biomechanics Laboratory of Saint Luke's Hospital in 
Lateral atlantodental spaces
The evaluation of the imaging data of children without AARS revealed that LADSs may present with a narrow or wide shape. Figure 5 shows the LADSs of two 6-year-old girls, which look quite different. Widened LADSs do not necessarily indicate an abnormal atlantoaxial joint, since this could be an anatomical variation.
It has been considered that LADSs should be symmetrical in the neutral position. However, the results of the present study revealed that VBLADS (a difference of >0 mm between LLADS and RLADS) is common in children without AARS. Therefore, VBLADS alone cannot be solely used for the diagnosis of AARS in children. VBLADSs occur in normal adults due to anatomical variations in the odontoid process or lateral masses of the atlas. Lee et al. (13) reported that asymmetry between LADSs was present in 54% of normal subjects. In addition, Qin et al. (14) reported asymmetry between LADSs in 30% of outpatients.
A B Therefore, VBLADS cannot be used alone to diagnose AARS. Nevertheless, an abnormally widened VBLADS (>2.2 mm) would be useful for the diagnosis of AARS in children.
Limitations
Few patients were <3 years old, and the control group data was obtained from retrospective data. Prospective studies will lead to better results if conditions permit.
